Powassan virus strain M794, a member of the Flavivirus genus known to infect man and animals in Canada, was inoculated intracerebrally into rabbits and horses. No clinical signs were observed in rabbits, but widespread encephalitis resulted, characterized by lymphoid penvascular cuffing, lymphocytic meningitis, and lymphocytic choroiditis. In horses, eight days after inoculation, prominent neurological signs occurred and lesions were those of non-suppurative encephalomyelitis, neuronal necrosis, and focal parenchymal necrosis. The virus could not be reisolated from the rabbit or horse brains. Pathologic features, useful in separating some of the common North American equine neurological diseases, are discussed.
This investigation was initiated because fatal nonrabies "viral type" encephalitis is frequently recognized pathologically in horses in Ontario, yet viral isolation or serological confirmation of the cause is seldom achieved. In all of these cases, rabies virus, Canada's most important cause of viral encephalitis of animals, has been convincingly shown not to be involvedthrough the use of fluorescent antibody tests of brain, mouse inoculation, and histologic examination. Where test interference from rabies antibody was suspected, brain neutralization tests have also been negative.
The other known causes of viral encephalitis, eastern equine encephalitis and western equine encephalitis, occur in Ontario only rarely. St. Louis encephalitis has not been detected in Ontario for several years; however Powassan virus, a member of the Flavivirus genus of the family Togaviridae, is relatively common in this province. Snowshoe hare virus and Trivittatus virus, California group viruses, and Cache Valley virus are viruses of the family Bunyaviridae which also are known to occur in Ontario. Main drain virus, also a member of this family, was recently reported from a case of equine encephalitis in California but is not known to occur in Canada. 2, 6 Powassan virus was originally isolated from a child in the town of Powassan, Ontario, which borders on the eastern edge of Georgian Bay.12 People in Ontario, Quebec, British Columbia, the eastern seaboard of the USA, and in other parts of the world are occasionally infected with fatal consequences or debilitating mental sequelae. Fourteen cases have been reported in Canada and the eastern USA.4.'2,'5 There is no information on the infectivity of this agent for horses.
Like louping ill, Russian spring-summer encephalitis virus, Omsk hemorrhagic fever virus and Kyasanur forest disease virus, Powassan virus is a tick-borne flavivirus of the Togaviridae family. It is the only member known to occur in Ontario.
Evidence exists that the virus is active in a forest animal-tick (Ixodes cookei, I. marxi, Dermacentor andersoni) cycle.'0,''.'5 In a recent Canadian study, 31 of 91 groundhog sera and 90 of 889 canine sera had positive hemagglutinating antibodies while mouse and chipmunk sera were negative.' In the same study, Powassan virus was isolated from Ixodes cookei ticks and also from the blood of a groundhog in the Guelph area. Snowshoe hares in Ontario and Alberta have also been shown to be positive to the virus with a hemagglutinating test.l43 l 9 In the USA, 83% and 16% of striped skunks (Mephitis mephitis) in Massachusetts and Connecticut, respectively, had positive hemagglutinating titers to Powassan virus, l 6 People unwittingly bitten by infected ticks may also be exposed to the virus. In northern Ontario surveys, up to 5% of people have neutralizing antibodies.". '3 Pathogenicity studies of Powassan virus are few. Inoculated snowshoe hares and golden Syrian hamsters developed viremia but no clinical signs were apparent. Low dose challenge produced the highest viremia and hemagglutinating antibody re~ponse.~ No pathological studies were conducted. In the groundhog (Marmota monux), opossum (Didelphis marsupialis), gray fox (Urocyon cinereoargenteus), red fox ( Vulpes fulva), striped skunk (Mephitis mephitis), raccoon (Procyon lotor), and domestic pig and goat, Powassan virus inoculation produces n o clinical effect. Virus was recovered from the blood of some of the red a n d gray fox, groundhog, and goats inoculated.* While there are several serological studies that have attempted to define the ecology of the Powassan virus, there are no neuropathological studies on the effect of the virus in experimental or domestic animals.
This work is the first phase of a study of viral encephalitis of horses. It was conducted in rabbits and horses to determine pathogenicity in these species a n d to gather data on the histopathology, virology, and serology that would assist veterinary diagnostic pathologists in their identification of Powassan encephalitis.
Materials and Methods
A 20% suckling mouse brain suspension in phosphate buffered saline at pH 7.4 that contained Powassan virus (M794-first passage) (kindly supplied by Dr. H. Artsob, National Arbovirus Reference Service, Toronto, Ontario, Canada) was injected intracerebrally into three-day-old suckling mice-0.02 ml per mouse. Four days after inoculation, the mouse brains were harvested and a stock virus suspension with a titer of 107.5 mouse intracerebral lethal dose so(MICLD50)/ml was made and stored in I-ml aliquots at A 1:25 dilution of the virus stock preparation was used for all rabbit inoculations, 0.2 ml for intracerebral inoculation, and 1 .O ml for intravenous inoculation. New Zealand white rabbits were used for all studies.
Anesthesia was induced using acepromazine at 16 mg/kg body weight, ketamine at 50 mg/kg body weight, and xylazine at 3 mg/kg body weight. For the intracerebral inoculations, a surgical site was prepared aseptically over the right parietal cerebrum. The skin was incised with a scalpel and a hole was drilled through the skull with a surgical dentist's drill (Reco-Dental, Wiesbaden, Germany, series 150 1 11).
The four rabbits in experiment 1, (Woodlyn Labs. Ltd., Guelph, Ontario) were observed daily for signs of illness such as dullness, depression or nervous signs. On day 28, the rabbits were humanely killed with 540 mg of sodium pentobarbital (Euthanyl, M.T.C. Pharmaceuticals, Hamilton, Ontario). At necropsy, brain and spinal cord were fixed in 10% buffered formalin. Brains were cut coronally and sections were taken from parietal cortex, occipital cortex, basal ganglia, corpus callosum, thalamus, anterior and posterior colliculus, medulla at hippocampus, medulla at mid cerebellum, and medulla at the obex. Spinal cord sections were taken from cervical, -70°C. thoracic and sacral levels. They were sectioned at 5 pm and stained with hematoxylin and eosin (HE) for histological study.
In experiment 2, the twelve rabbits were humanely killed sequentially in groups of three every four days. Clinical observations, euthanasia and necropsy were conducted as in experiment 1. In experiment 3, ten specific pathogen free rabbits (Buckshire Corp., Perkasia, PA) were utilized to avoid possible problems with Encephalitozoon cuniculi. The intravenously inoculated rabbits were humanely killed on day 19 after inoculation. The intracerebrally inoculated rabbits were humanely killed on day 14 after inoculation. Clinical observations and euthanasia were conducted as in experiment 1. At necropsy, brain, spinal cord, kidney, liver, spleen, eyes, lymph node and V cranial nerve ganglia were preserved in 10% buffered formalin, then sectioned for histological studies as in experiment I .
Cerebrum, cerebellum, spleen, and lymph nodes were taken for routine bacterial isolation attempts and were also frozen in phosphate buffered saline containing 250 IU/ml of penicillin and 100 mg/ml of streptomycin at -70°C. The tissues were then homogenized and each tissue was prepared as a 20% suspension with phosphate buffered saline. A 1 :5 dilution (0.02 ml) of each tissue suspension was inoculated intracerebrally into each of a litter of suckling mice. The mice were observed for seven days to determine sickness and death caused by the virus.
During June and July of 1983, over 1200 sera were collected from horses on farms geographically widely spread over the central and southern areas of Ontario. Some were collected as part of routine tests for equine infectious anemia while others were collected from geographically selected farms. One hundred and one of these sera were tested by the hemagglutination-inhibition test. 2 Two horses and two ponies between 2Y2 to 4 years of age were used in this study. Prior to inoculation on day 0, two blood samples were collected from each horse, one for routine hematology and one for serological purposes. Subsequently, blood samples were collected every four days until the termination of the experiment.
On day 0, two horses were anesthetized with xylazine ( I . I mg/kg body weight, intravenously) and ketamine ( 1 mg/kg body weight, intravenously). A surgical site over the right parietal cerebrum was prepared and the skull was trephined with a surgical dentist's drill (Reco-Dental, series 1501 11). Two ml of a 1:5 dilution of stock virus suspension was inoculated intracerebrally. A third horse was prepared as above and inoculated with 2.0 ml phosphate buffered saline for control purposes. The fourth horse was inoculated with 10.0 ml of a 1 5 dilution of stock virus suspension intravenously. Temperature, heart rate and respiration were monitored at 12 hours, 24 hours, then every day after inoculation to assess illness.
The intravenously inoculated horse was re-inoculated intramuscularly with 5 ml of a 1 5 dilution of stock virus on days 18 and 39. Five hundred ml of blood was taken on days 39, 43 and 67. Serum was separated and frozen at -20°C.
The horse was humanely killed on day 68. The intracerebrally inoculated horses were humanely killed on days 8 and 1 1 and the control horse inoculated intracerebrally was humanely killed on day 12. All received 1500 mg sodium pentobarbital intravenously. At necropsy the brain, lumbar spinal cord, kidney, liver, spleen, eyes, lymph node and V cranial nerve ganglia were preserved in 10% buffered formalin. Brains were cut coronally and sections were taken from parietal cortex, occipital cortex, basal ganglia, corpus callosum, thalamus, hippocampus, anterior colliculus, posterior colliculus, medulla at mid-cerebellum, and medulla at the obex. All tissues were sectioned at 5 pm and stained with HE for light microscopy.
Cerebrum, cerebellum, spleen, and lymph node specimens were handled for virus and bacterial isolation attempts the same as rabbit material.
Results
In the two preliminary experiments in conventional rabbits, none of the sixteen had noticeable clinical signs. In the first experiment, only the two rabbits given virus subcutaneously were free of lesions. In the two intravenously inoculated rabbits, brain and spinal cord lesions were those of lymphocytic perivascular cuffing, microgliosis, and lymphocytic meningitis. In experiment two, two of four intravenously inoculated rabbits had similar lesions in the brain and spinal cord while three of the four rabbits inoculated intracerebrally had similar but more severe lesions, especially with regard to the lesions of the meninges. Lymphocytic choroiditis was also seen in three rabbits inoculated intracerebrally. One of four control rabbits had lymphocytic perivascular cuffing and microgliosis in the cerebrum only, and additionally, a focal granulomatous cerebral lesion typical of the rabbit protozoan pathogen Encephalitozoon ciiniculi was present.
The third experiment used specific pathogen-free rabbits to avoid confusion between the brain lesions of Powassan virus and E. ctiniciili. Neither the four intravenously inoculated rabbits nor the intravenous control had clinical signs or neurological lesions. All four of the intracerebrally inoculated group, although clinically normal, had extensive lesions. Lesions were present in brain but not spinal cord and were characterized by lymphocytic perivascular cuffs, lymphocytic meningitis and prominent lymphocytic choroiditis. The one control rabbit inoculated intracerebrally had no demonstrable brain lesions. Neither Powassan virus nor bacteria were recovered from any of the rabbit brains.
The horse experiment produced much different results. Only the intracerebrally inoculated control animal remained clinically and pathologically normal. The two horses given Powassan virus intracerebrally and the one horse given the virus intravenously all devel-oped similar signs on day 8 after inoculation. Horse 52777, although normal 12 hours earlier, was noted the morning of day 8 to have a "tucked up" abdomen, had head and neck tremors, and a very prominent foamy slobbering as a result of continual chewing movements ( fig. 1 ). The horse could see, its movements were stiff, and within three hours it staggered and fell, rising unsteadily. It became recumbent by five hours, continued to slobber and chew with the chin resting on the floor. It was humanely killed. Gross lesions were those of meningeal congestion and a patchy marbled congestion of the medulla (fig. 2 ). There was also a catarrhal enteritis of the duodenum and the colon contained unformed feces. Iliac nodes were edematous but other nodes were not involved. Spinal nerve radicles had hemorrhage around the extradural portion. Lesions were distributed through the brain and spinal cord (see table I ) and consisted of a severe necrotizing nonsuppurative lesion around the intracerebral inoculation site. At most other levels of the brain there was mild to marked lymphocytic perivascular cuffing, focal gliosis, lymphocytic meningitis, neuronal necrosis and neuronophagia (figs. 3, 4) . Axonal spheroids were seen in the mesencephalon and medulla, and additionally, there were small areas of parenchymal necrosis in the medulla ( fig. 5 ). Mild lymphocytic perivascular cuffing was apparent in the V cranial nerve (gassenan) ganglion. This horse also had mild lymphocytic perivascular cuffing in the adrenal cortex, lymphoid hyperplasia, and a lymphocytic infiltrate at the corneo-scleral junction of one eye.
Horse 52776, the other horse inoculated intracerebrally, was normal the morning of day 8 after inoculation, but by afternoon it was noticeably ill, was frothing at the mouth, and chewed excessively. It was ataxic, had head and neck tremors, and stood in a base wide stance on the forelegs. It was hypersensitive to sound and blinked excessively. There was little change over the next 12 hours. On the morning of day 9, it was unsteady on its feet and rocked back and forth unsteadily from fore to hind limbs. It leaned to one side or the other when standing quietly, and knuckling of the carpus and pasterns completed the clinical picture of severe proprioceptive disturbance. This horse, formerly difficult to handle due to its aggressive nature, was now depressed and easily handled. It had some interest in eating later in the day and the feces were noted to be soft and unformed. It was necropsied and gross lesions were those of mild meningeal congestion. Several 2 x 3-cm areas of pulmonary atelectasis were present in both apical lobes which proved microscopi- cally to be suppurative bronchopneumonia. Microscopically, brain and cord lesions were qualitatively similar to the first horse but were quantitatively less severe. Focal microgliosis and neuronophagia were noted particularly in the cerebellum, medulla, and lumbar spinal cord.
Horse 5297 1, the horse inoculated intravenously, was observed on the afternoon of day 8 to be depressed with the head held low. It was hyperesthetic and blinked excessively, was slightly ataxic, and had mild chewing movements but there was no slobbering as seen with the other two horses. On day 9 the horse ate and had a normal gait. It remained hyperesthetic but easy to handle, had tremors of the lips and soft unformed feces were noted. On days 10 and 1 1 there was little change.
On day 12 it developed a slight purulent nasal discharge from which it recovered spontaneously. By day 18 it was recovered except for a "flighty" hypersensitive behavior, but by day 39, this had subsided and its behavior was considered normal. It was necropsied on day 68 and there were no gross brain lesions. The thymus was enlarged, weighing 0.45 kg in this 300 kg horse, and the sublumbar lymph nodes had prominent lymphoid follicles. This was the probable result of hyperimmunization on days 18 and 39. Histological lesions were evident in brain but were restricted to mild lymphocytic perivascular cuffs and mild meningitis that affected basal ganglia, corpus callosum, thalamus, hippocampus, and medulla.
Horse 52787, the control horse inoculated intracere- brally, remained normal throughout the experiment and had no significant gross or histological lesions at necropsy on day 12 after inoculation. Horse 52777, which had the most fulminating encephalitis, had a high cerebrospinal cell count and several macrophages contained one to three eosinophilic intracytoplasmic inclusions when stained by the Papanicolaou stain. The other horse inoculated with Powassan virus intracerebrally, 52776, had a lower cerebrospinal cell count but macrophages contained similar intracytoplasmic bodies.
Preinoculation serological studies of all the expenmental horses were negative for anti-Powassan antibodies and the control horse remained negative throughout. Both intracerebrally infected horses, 52776 and 52777, were positive for hemagglutination-inhibition antibody at a 1: 10 dilution of serum on the day of onset of signs, day 8 after inoculation. The intravenously inoculated horse, 5297 I , was tested and shown to be positive for hemagglutination-inhibition antibody at the same dilution of serum on day 19. Neither Powassan virus nor bacteria were recovered from any of the horse brains. Thirteen of the 101 serum samples from Ontario horses were positive for Powassan antibody at a 1: 10 dilution of serum when tested by hemagglutination inhibition (see fig. 6 for distribution). Regions represented by positive serums were close to the communities of Freelton, Meaford, Barrie, Peterborough, Parry Sound, Powassan, Pembroke, and Windsor.
Discussion
These experiments show that with the present procedures, virus strain and dosage, Powassan virus is capable of producing a non-suppurative, focal necrotizing meningoencephalomyelitis in rabbits and horses. The lack of clinical signs in rabbits is not surprising in view of the results recorded with use of the virus experimentally in snowshoe hares." The occurrence of Encephulitozoon ctiniculi lesions in one conventional con- trol rabbit reemphasizes the need to use specific pathogen-free rabbits in encephalitis studies in that species even when young rabbits are used.
The development of fulminating viral encephalitis in horses inoculated intracerebrally is of interest since experiments with this virus in horses have not been conducted previously. The peracute onset and rapid progression in two horses mimics some of the acute undiagnosed equine viral encephalitides we have seen in Ontario. The presence of neuronophagia and zones of parenchymal necrosis in the medulla are also similar to the lesions seen in these cases. Clearly more horse experiments must be conducted utilizing the subcutaneous route and a more natural virus dosage. The observation of intracytoplasmic eosinophilic inclusions in macrophages in the cerebrospinal fluid of two horses is also deserving of further study since it may have some diagnostic significance.
The lack of isolation of the virus from infected rabbit and horse brain under experimental conditions emphasizes the difficulty of identifying the cause of this encephalitis in natural cases. In view of the lymphoid hyperplasia seen in the two intracerebrally inoculated horses, it may be that much of the encephalitis relates to antibody and sensitized lymphocyte interaction with Powassan virus in the brain. This may cause the intense inflammatory response and destruction of nervous tissue elements. Experiments to examine this question appear important since suppression of these responses may reduce the serious neurological sequelae in the affected host.
From a diagnostic view, the lesions seen in the severe experimental Powassan encephalitis cases reported here have features different from those of some other viral encephalitides in Ontario horses. Severe Powassan lesions are those of a non-suppurative panencephalitis with the most severe lesions in the mesencephalon and medulla. Neuronophagia is common and small areas of necrosis may be seen. Glial nodules and focal gliosis, perhaps representative of loci of previous neurono- In the equine viral encephalitides eastern equine encephalomyelitis, western equine encephalomyelitis, and Venezuelan equine encephalomyelitis, lesions are those of a non-suppurative panencephalitis and the most severe lesions are in hemispheric gray matter. In the early stages, the prominent lesions are diffuse cortical neutrophilic infiltrates and neuronal necr~sis.'~ ", l8 Neuropathologically, the encephalitis produced by these three viruses may be difficult to distinguish from Powassan lesions and this deserves further study. Serological tests of horses selected from across Ontario, 13% positive, suggest that the virus was geographically wide-spread during the summer of 1983. It also emphasizes the possible significance of Powassan virus as a cause of sporadic cases of encephalitis in this species, especially in view of our preliminary experimental results.
